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ABSTRACT
Oxygen atom transfer (OAT) reagents are common in biological and industrial oxidation reactions.
While many heterogeneous catalysts have been utilized in OAT reactions, heterogeneous OAT
reagents have not been explored. Here, cross-linked poly(4-vinylpyridine-N-oxide), called x-PVPN-oxide, was tested as a heterogeneous OAT reagent and its oxidation chemistry compared to its
molecular counterpart, pyridine-N-oxide. The insoluble oxidant x-PVP-N-oxide demonstrated
comparable reactivity to pyridine-N-oxide in direct oxidation reactions of phosphines and
phosphites in acetonitrile, but x-PVP-N-oxide did not react in other solvents. The polymer
backbone of x-PVP-N-oxide, however, allowed for easy filtering and recycling in sequential
oxidation reactions. In addition, x-PVP-N-oxide was tested as the stoichiometric oxidant in a
copper-catalyzed OAT reaction to α-diazo-benzeneacetic acid methyl ester. The heterogeneous
oxidant was much less reactive than pyridine-N-oxide, indicating that interaction with the metal
catalyst was challenging. These results demonstrated a proof-of-concept that recyclable, polymersupported OAT reagents could be a viable OAT reagents in direct oxidation reactions without
metal catalysts.
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INTRODUCTION
Oxygen atom transfer reagents are critical for hydroxylation, sulfoxidation, and epoxidation
reactions in both the biological and industrial realms.1 For example, oxygen (O2) serves as the
oxidant for the cytochrome P450 enzymes, enabling oxygen atom transfer (OAT) to alkanes,
alkenes, sulfides, and amines.2 In the industrial production of propene oxide, peroxides are
increasingly being used in the direct epoxidation of propene in order to avoid environmental stress
caused by the multi-step chlorohydrin process.3 In addition to oxygen and peroxides, many classes
of OAT reagents exist (Figure 1), including epoxiranes,4 iodosylarenes,5 alkyl-amine and arylamine N-oxides,6 and oxaziridines.7 These reactive compounds are often employed in the presence
of a catalyst when used as stoichiometric oxidants in OAT reactions.
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Figure 1. Common classes of oxygen atom transfer (OAT) reagents.
Despite the synthetic utility and widespread use of these oxidants, few have attempted to
incorporate these reactive units into an insoluble polymer backbone. Insoluble polymer-supported
reagents are advantageous because they are easily separated from reaction mixtures via filtration
and may be recycled. Polymer supports may also increase the stability of reactive functional groups
on catalysts in harsh reaction conditions.8 These advantages offer motivation to develop
heterogeneous OAT reagents.
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Previous work describing OAT reactions with insoluble polymer supports almost exclusively
describe metal or organic catalysts supported by the polymer matrix. For example, metals such as
manganese, copper, molybdenum, and vanadium have been grafted into polymers such as
polystyrene or bonded to a silica gel support to complete the oxidation of alcohols, phosphines,
thiols, and styrene (Figure 2a).9–12 These supported catalysts use reagents such as hydrogen
peroxide, pyridine-N-oxide, or ambient air as the stoichiometric oxidants in the OAT reactions. In
addition, several reports of silica-supported ketones (serving as organic precursors for dioxiranes)
have been described as immobilized organic catalysts for heterogeneous oxidations and flow
reactors when using Oxone (the potassium persulfate salt) as the stoichiometric oxidant (Figure
2b).4,13 In all of these cases, the stoichiometric oxidant (peroxide, N-oxide, or Oxone) is not
immobilized on a polymer support. While the catalysts in these reactions can be easily separated
from reaction mixtures and are often recycled, the separation of the desired product from the
reduced OAT reagent often constitutes a significant task, especially when the reduced oxidant is
in the same phase as the product. Product separation is also a consideration in OAT reactions
without catalysts. This study evaluates the concept of immobilizing a stoichiometric oxidant on a
polymer support.
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Figure 2. (a) A metal OAT catalyst bonded to a silica gel support. (b)
An organic OAT catalyst bonded to a silica gel support (the ketone is a
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precursor for a dioxirane). Both catalysts (a) and (b) use stoichiometric
oxidants that are not polymer-supported. (c) Poly(4-vinylpyridine-Noxide), a known polymeric material, that could be tested as a polymersupported stoichiometric oxidant in some OAT reactions.
First reports of poly(4-vinylpyridine-N-oxide) and its isomeric derivatives date back to the
1960’s and 1970’s, when the material properties of the polymer were studied for the treatment of
silicosis (Figure 2c).14–19 Even when the polymer backbones are not cross-linked,
poly(vinylpyridine-N-oxides) are heterogeneous materials that are insoluble in most organic
solvents (exceptions include DMF and acetonitrile). Relatively little research has been conducted
on the material after the initial reports on silicosis, until efforts in the past decade have led to the
discovery of applications in dye transfer inhibitors and surfactants.20–23 Little attention has been
paid to potential applications of poly(vinylpyridine-N-oxides) in synthetic organic chemistry and
catalysis, likely due to the insolubility of the material. A few notable exceptions include the
supporting role that poly(vinylpyridine-N-oxide) plays in catalytic methyltrioxorhenium oxidation
reactions, where the N-oxide functionality serves as a stabilizing ancillary ligand to rhenium (but
is not an active participant in the oxidation reaction).24–27 Poly(vinylpyridine-N-oxides) have also
been employed as synthetic precursors for pyridine polymers,28 but they have not been
systematically studied as oxidants in OAT reactions. Because of the progress of OAT reactions
over the past several decades and the insolubility of poly(vinylpyridine-N-oxides), it seemed
timely to investigate their usefulness as polymer-supported OAT reagents. Success would provide
an important proof-of-concept that polymer-supported OAT reagents could have broader utility in
OAT reactions.
The goals of this study were to evaluate the utility of poly(vinylpyridine-N-oxide) in OAT
reactions and to compare it to unsupported OAT reagents. Towards this end, poly(4-vinylpyridineN-oxide) was synthesized from a commercially available poly(4-vinylpyridine) that had been
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cross-linked with 2% divinylbenzene. The insoluble N-oxide polymer was tested as an OAT
reagent and compared to the reactivity of pyridine-N-oxide, and the advantages of the
heterogeneous OAT reagent were evaluated. Reactions in the presence of a metal catalyst were
attempted, and the recycling of the polymers was also tested due to ease of separation of the
polymer-supported OAT reagents from the reaction mixtures.
RESULTS AND DISCUSSION
Synthesis. The synthesis of cross-linked poly(4-vinylpyridine-N-oxide), here called x-PVP-Noxide, was conducted by the oxidation of the commercially-available Reillex® 402 ion-exchange
resin, cross-linked poly(4-vinylpyridine), here called x-PVP. The starting x-PVP was cross-linked
with 2% divinylbenzene and was therefore insoluble in all organic solvents. The heterogeneous
oxidation of x-PVP was conducted with hydrogen peroxide according to the procedure described
by Chauhan (Scheme 1).28 High yields of the insoluble x-PVP-N-oxide were obtained by filtration
and washing away excess reagents with acetone, and the product was heated at 50 °C and dried
under high vacuum overnight due to the hygroscopic properties of N-oxides. The x-PVP-N-oxide
product was insoluble in all solvents.
2% cross-linked,
insoluble in all solvents

2% cross-linked
n
+
N
x-PVP

H 2 O2

n

110 °C
Pressure
Vessel

92%
N
O

x-PVP-N-oxide

Scheme 1. Synthesis of insoluble x-PVP-N-oxide.
X-ray photoelectron spectroscopy (XPS) was employed to characterize the insoluble x-PVP-Noxide and compare the molar compositions of nitrogen and oxygen in the N-oxide polymer. XPS
revealed that the oxygen atoms transferred from hydrogen peroxide were incorporated into the

6

polymer and bound to the nitrogen atoms (Figure 3). The theoretical percentages for x-PVP-Noxide (based on moles of atoms in the repeating polymer unit, C7NO) of carbon, nitrogen, and
oxygen are 77.8%, 11.1%, and 11.1%, respectively (XPS spectroscopy does not detect hydrogen
atoms). Experimental results matched closely with the theoretical values (C = 77.6%, N = 11.1%,
O = 11.3%). In addition, the binding energy of a core electron for nitrogen increased from 397.8
eV in x-PVP to 401.6 eV in x-PVP-N-oxide, which demonstrates that the nitrogen atom had been
oxidized. Careful inspection of the XPS spectrum suggested that a small fraction of the nitrogen
atoms x-PVP-N-oxide were not oxidized. The XPS data confirmed successful synthesis of x-PVPN-oxide.

Figure 3. High resolution XPS spectrum of x-PVP-N-oxide (solid line). A comparison of
the nitrogen peak of x-PVP-N-oxide to the nitrogen peak of PVP (dashed line) is shown in
the inset. A higher electron binding affinity for the nitrogen in x-PVP-N-oxide
demonstrates that the nitrogen was oxidized in the reaction with hydrogen peroxide.
Oxygen atom transfer to substrates. Following synthesis of x-PVP-N-oxide, the polymersupported N-oxide was evaluated for its ability to act as an oxygen atom transfer reagent. The
reactivity of x-PVP-N-oxide was evaluated by reaction with phosphorus trichloride and compared
to the reactivity of pyridine-N-oxide. The product of oxygen atom transfer, phosphorus(V)
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oxychloride, was identified by 31P NMR spectroscopy, and percent conversion was calculated from
the ratio of integrals (PCl3 : P(O)Cl3) in the

31

P NMR spectrum. An authentic standard of

phosphorus(V) oxychloride was used to confirm product formation by 31P NMR spectroscopy. The
reactions were carried out with dried reagents under a nitrogen atmosphere. No reaction of
phosphorus trichloride was observed in the absence of x-PVP-N-oxide or pyridine-N-oxide.
Table 1. Optimization of conditions for oxidation of phosphorus trichloride with x-PVP-N-oxide.
PCl3

x-PVP-N-oxide
Temp, Time, Solvent

O
PCl3

Entry

Solvent

Temp

Time (h)

Equiv. N-oxide

% Conversion

1

DMF

23 °C

72

1.2

0

2

EtOAc

23 °C

1

1.2

0

3

MeCN

23 °C

4

1.2

29

4

MeCN

23 °C

24

1.2

83

5

MeCN

60 °C

4

1.2

87

6

MeCN

60 °C

24

1.2

>99

7

MeCN

23 °C

7

2.2

>99

8

MeCN

23 °C

2

2.2

67

Reaction conditions: Phosphorus trichloride (9.0 μL, 100 μmol) was added to x-PVP-N-oxide
that had been soaked in 0.50 mL of the reaction solvent, and the reaction was sealed and stirred
under a nitrogen atmosphere. Molar equivalents of x-PVP-N-oxide are in relation to phosphorus
trichloride.
The optimization of the reaction of x-PVP-N-oxide and phosphorus trichloride is shown in Table
1. It was necessary to soak x-PVP-N-oxide in the reaction solvent (approximately 16 hours) before
adding phosphorus trichloride in order for the expected reaction to be observed. This phenomenon
is likely due to the need to open up the pores in a heterogeneous material so it can interact
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efficiently with the solvent and the catalyst.29 No reaction was observed in ethyl acetate or
dimethylformamide with 1.2 equivalents of x-PVP-N-oxide relative to phosphorus trichloride, but
after four hours of reaction in acetonitrile at room temperature, 29% conversion to the product
phosphorus(V) oxychloride was observed (entry 3). Acetonitrile, therefore, was chosen as the
solvent for the rest of the optimization reactions. Increasing the reaction time to one day when
using 1.2 equivalents of x-PVP-N-oxide (entry 4) increased the conversion to 83%. Mild heating
at 60 °C led to a higher reaction rate (entries 5 and 6) and to full conversion of the substrate after
24 hours. Although higher percent conversions were obtained when heating reactions, it seemed
advantageous to add excess oxidant and run the reactions at room temperature to achieve high
conversion (entries 7-8). The excess, insoluble oxidant would not complicate product isolation
because it could easily be filtered off at the end of a reaction. With this approach, full conversion
to phosphorus(V) oxychloride was observed after only seven hours of reaction time in the presence
of 2.2 equivalents of x-PVP-N-oxide at room temperature (entry 7). Shorter reaction times with
2.2 equivalents of the oxidant did not result in full conversion to the product (entry 8).
In contrast, only one equivalent of pyridine-N-oxide was needed to oxidize phosphorus
trichloride to the oxychloride product after four hours at room temperature in acetonitrile (>99%
conversion). It is apparent that x-PVP-N-oxide reacts more slowly than pyridine-N-oxide, likely
due to the heterogeneous nature of x-PVP-N-oxide. The ease of product isolation with x-PVP-Noxide, however, was a major advantage in comparison to the soluble pyridine-N-oxide OAT
reagent.
After evaluating the reactivity of x-PVP-N-oxide with phosphorus trichloride, x-PVP-N-oxide
was further tested in direct oxidation reactions of several phosphines and phosphites and compared
to its molecular counterpart, pyridine-N-oxide, to evaluate the effects of a polymer-supported
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oxidant. Based on the experiments with phosphorus trichloride, 2.2 equivalents of x-PVP-N-oxide
were used and acetonitrile was chosen as the solvent, but it was necessary to heat at 110 °C in a
sealed reaction vessel for 24 hours for appreciable conversion to be observed. Soaking x-PVP-Noxide did not lead to higher conversions, presumably because the high temperatures and long
reaction times accomplished the same purposes as soaking. Substrate reactions were run in
triplicate, and in all cases the percent conversions were determined by analysis with a gas
chromatograph equipped with a flame ionization detector. An internal standard was employed and
the products were identified by comparison to chromatograms of authentic samples of the
products. It was not necessary to pre-soak the x-PVP-N-oxide when reactions were run at elevated
temperatures. The percent conversions are shown in Figure 4.
OAT Reagent (Equivalents Oxidant)
n

Substrate

Product

N
O

(2.2)

N
O

(2.2)

O
P(OEt)3

P(OEt)3

7.19 ± 0.79

3.02 ± 0.81

6.38 ± 0.70

6.14 ± 2.43

O
P(OiPr)3

P(OiPr)3
O

P(Cy)3

P(Cy)3

21.93 ± 1.20

17.00 ± 2.17

P(nBu)3

O
P(nBu)3

14.77 ± 0.04

16.93 ± 0.22

Figure 4. Comparison of pyridine-N-oxide and x-PVP-N-oxide in OAT reactions to
phosphite and phosphine substrates. Reactions were run in acetonitrile at 110 °C in a sealed
vessel for 24 hours.
Neither pyridine-N-oxide nor x-PVP-N-oxide are strong oxidants, as percent conversions for
triethyl phosphite and triisopropyl phosphite were less than 10%. In the case of triethyl phosphite,
pyridine-N-oxide performed better than x-PVP-N-oxide, but the two oxidants gave comparable
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results with triisopropyl phosphite. The phosphine substrates gave higher percent conversions than
phosphites. Pyridine-N-oxide gave better results than x-PVP-N-oxide for tricyclohexylphosphine,
but x-PVP-N-oxide led to slightly better results for tri-n-butylphosphine. Despite the fact that
pyridine-N-oxide resulted in a higher percent conversion for three of the four substrates, the overall
results for both oxidants were quite similar in direct oxidation reactions. This suggests that while
there will likely be minor differences in reactivity between a molecular OAT reagent and a
heterogeneous reagent with similar structures, it is reasonable to expect comparable results
between the two in direct substrate oxidation reactions.
Substrate Oxidation
n

N
O

n

N
Re-oxidize to x-PVP-N-Oxide

Scheme 2. Basic concept for recycling x-PVP-N-oxide
Recycling the polymer backbone. One advantage of introducing a heterogeneous reagent is
the opportunity to recycle the material and use it for multiple reactions. In the case of x-PVP-Noxide, the polymer backbone would need to be re-oxidized in a separate step after each OAT
reaction with a substrate (Scheme 2). Phosphorus trichloride was selected as a substrate because
high percent conversions were achieved at room temperature. It was desirable to keep x-PVP-Noxide in the same reaction vessel for all steps of the recycling experiments to minimize inevitable
loss of solid when transferring vessels. Re-oxidizing x-PVP to x-PVP-N-oxide at room temperature
using meta-chloroperoxybenzoic acid (mCPBA), according to the method of Sadun,30 was a
desirable strategy because it would allow both OAT to phosphorus trichloride and re-oxidation to
x-PVP-N-oxide to be accomplished at room temperature in the same reaction vessel. All filtration
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and washing steps were also designed to keep x-PVP-N-oxide in the same reaction vessel by
drawing solutions out of the vessel with a thin 21.5 gauge needle attached to a syringe. In this way,
loss of the heterogeneous x-PVP-N-oxide would be minimized over the course of multiple cycles.
Despite these precautions, some loss of x-PVP-N-oxide was still observed in each step. A higher
ratio of x-PVP-N-oxide (54 mg, 450 μmol, 4.5 equivalents) to phosphorus trichloride (100 μmol)
was used in comparison to the standard conditions (2.2 equivalents oxidant) to help compensate
for the loss of solid during recycling steps. The results of the recycling experiments are shown in
Figure 5.
100

% Conversion

80
60
40
20
0
Cycle 1

2

3

Figure 5. Percent conversion of phosphorus trichloride to phosphorus(V)
oxychloride with recycled x-PVP-N-oxide.
As expected, the first phosphorus trichloride oxidation resulted in full conversion to
phosphorus(V) oxychloride. Subsequent re-oxidation of the x-PVP and x-PVP-N-oxide mixture
was facile using mCPBA (100 μmol). Washing the regenerated x-PVP-N-oxide (3 x 3 mL
acetonitrile, 3 x 3 mL 0.14 M triethylamine solution in acetonitrile, 3 x 3 mL acetonitrile) and
drawing solvent out of the reaction vial, however, did result in some loss of the solid in each step.
This led to lower percent conversions in the second oxidation of phosphorus trichloride (88%) and
also the third oxidation (57%). Despite decreasing percent conversions, it was clear that x-PVP-
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N-oxide could be recycled. Characterization of the recycled x-PVP-N-oxide was not attempted at
the end of the recycling reactions because too much of the material was lost in the washing steps.
Catalytic Reactions. N-oxides have been used as the stoichiometric oxidant in metal-catalyzed
oxidation reactions.31,32 It was therefore logical to test if x-PVP-N-oxide could interact with metal
catalysts in oxidation reactions. In order to test this, the oxidation of α-diazo-benzeneacetic acid
methyl ester to methyl benzoylformate using copper triflate catalyst, Cu(OTf)2, was attempted with
x-PVP-N-oxide as the stoichiometric oxidant (Table 2).32
Table 2. Metal-catalyzed OAT reactions of α-diazo-benzeneacetic acid methyl ester.
4% Cu(OTf)2

N2
CO2Me

60 °C

O
CO2Me

N-oxide

Entry

Temp

Solvent

Cu(OTf)2

N-oxide

Equiv. N-oxide % Conversion

1a,b

60 °C

1,2-DCE

yes

4-phenylpyridine-N-oxide

0.9

71c

2

60 °C

MeCN

yes

pyridine-N-oxide

1.0

74

3

60 °C

MeCN

yes

x-PVP-N-oxide

4.6

3.9

4

110 °C

MeCN

yes

x-PVP-N-oxide

4.6

4.8

5

60 °C

MeCN

no

x-PVP-N-oxide

4.6

0.5

6

60 °C

MeCN

yes

(no oxidant)

N/A

—

Reactions were stirred for 18 hours in a sealed reaction vessel, and percent conversions are
for conversion to methyl benzoylformate. a Entry copied from reference 32. b The reaction
was stirred for 12 hours in the presence of 4 Å molecular sieves. c Isolated yield of 4phenylpyridine.
The reactions presented here included slight modifications of the literature procedure, which
employed 1,2-dichloroethane as the solvent, 4 Å molecular sieves as an additive, and 12 hours of
stirring.32 In this present study, molecular sieves were not used, reactions were stirred for 18 hours,
and acetonitrile was chosen as the solvent, as acetonitrile has been shown to be the most effective
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solvent when using x-PVP-N-oxide. As expected, similar reactivity was observed when using one
equivalent of pyridine-N-oxide as the OAT reagent (74% conversion to methyl benzoylformate,
entry 2, average of two runs) relative to the reported reaction that used 4-phenylpyridine-N-oxide
as the OAT reagent (71% isolated yield of 4-phenylpyridine, entry 1). Once comparable results to
the literature were achieved, 4.6 equivalents of x-PVP-N-oxide were substituted for pyridine-Noxide while keeping all of the other conditions the same as entry 2. With x-PVP-N-oxide in the
catalytic reaction, only 3.9% conversion to methyl benzoylformate was achieved (entry 3, average
of three runs). This dramatic change in reactivity was accompanied by conversion of the starting
material to multiple, unidentified products besides methyl benzoylformate (Supporting
Information). That uncontrolled, off-cycle catalytic reactions were occurring suggested that the
heterogeneous x-PVP-N-oxide was not interacting efficiently with the catalyst.
To evaluate the effect of temperature on the interaction of x-PVP-N-oxide with the copper
catalyst, the reaction was run at 110 °C (entry 4). The results of the reaction at 110 °C were
essentially identical to the reaction at 60 °C, with multiple unidentified products and only a 4.8%
conversion to methyl benzoylformate (average of three runs). These results demonstrated that
substituting the heterogeneous x-PVP-N-oxide for the molecular pyridine-N-oxide fundamentally
altered the catalytic reaction.
To determine if x-PVP-N-oxide had any interaction with the copper catalyst in the reactions
represented by entries 3 and 4 (3.9% conversion and 4.8% conversion, respectively), two control
reactions were run, one in the absence of the copper triflate catalyst (entry 5) and one in the absence
of x-PVP-N-oxide (entry 6). Only a trace of methyl benzoylformate product was observed in the
absence of catalyst (0.5%, entry 5) and no product was detected in the absence of oxidant (entry
6), confirming that x-PVP-N-oxide was the source of the oxygen atoms and that x-PVP-N-oxide
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interacted with the catalyst to affect OAT and methyl benzoylformate formation. While these
control reactions suggested that insoluble OAT reagents could interact productively with metal
catalysts, the overwhelming evidence was that direct substitution of a polymer-supported OAT
reagent for a molecular OAT reagent in a metal-catalyzed reaction would lead to undesired
reactivity.

CONCLUSION
In conclusion, a cross-linked, insoluble oxygen atom transfer reagent has been shown to be a
viable OAT reagent in organic transformations for the first time. The polymer-supported x-PVPN-oxide has similar reactivity to the molecular pyridine-N-oxide when used as a stoichiometric
OAT reagent in oxidation reactions run in acetonitrile and not requiring a metal catalyst. Because
x-PVP-N-oxide was insoluble, it was easily separated from reaction mixtures via filtration, and the
polymer backbone could be recycled and re-oxidized for use in multiple oxidation reactions. The
heterogeneous x-PVP-N-oxide, however, was not a feasible substitute for the molecular pyridineN-oxide in a copper-catalyzed OAT reaction, suggesting limited interaction of x-PVP-N-oxide
with the metal catalyst. Overall, this proof-of-concept establishes a foundation for further studies
of organic transformations with insoluble OAT reagents.

ASSOCIATED CONTENT
Supporting Information Available: Survey scans for XPS spectra of x-PVP-N-oxide,
representative
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P NMR spectra for the oxidation of phosphorus trichloride, representative

GC(FID) chromatograms of substrate oxidation reactions, and representative 1H NMR spectra of
copper catalysis reactions.
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